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ABSTRACT
Power distribution systems are experiencing a fast transformation from simple one-way
radial feeders to complex systems with multiple sources and bidirectional power flows.
The rapid increase of Distributed Generation (DG) connected to the distribution system
over the last decade, especially solar photovoltaic (PV), has been the key element to this
transformation.
The variable nature of PV-based DG has increased the complexity of voltage regulation
in distribution systems. Electric utilities are facing an increasing number of voltage issues
in distribution systems with high penetration of DGs, leading customers to experience
voltage levels outside of range A of the ANSI C84.1 standard. Electric utilities have to
expend resources, both human and economic, to mitigate the voltage issues caused by the
interconnection of DG. The economic impact of voltage issues can be considerable in some
cases.
Conventional methods to mitigate voltage issues in distribution systems, such as the
addition of voltage regulators and capacitor banks, could be ineffective in mitigating local-
ized voltage issues caused by high levels of DG penetration. Other mitigation options, such
as increasing the conductor size and the operating voltage of the feeder, are expensive.
There is a clear need in the industry to locally solve voltage issues economically. In
this dissertation, a new device, a Residential Static Volt-Ampere Reactive Compensator
(RSVC), is proposed. The RSVC is used to mitigate low and high voltage issues by
deploying them in a feeder with a high DG penetration level.
This dissertation will investigate the interaction between solar inverters, voltage regula-
vii
tors and capacitor banks with the proposed RSVC. In order to reduce the number of buses
to be analysed, the use of loss sensitivity factors will determine the candidate buses to host
an RSVC.
The results of this dissertation show that the use of RSVCs is able to mitigate low and
high voltage conditions. Simulation results show that the RSVCs are able to control the
voltage by absorbing and injecting reactive power according to the voltage seen at their
terminals. Similar commercially available devices are not able to handle the injection and
absorption of reactive power and are limited to handle either injection of reactive power or
absorption of reactive power. The most common devices provide the capability of injecting
reactive power.
viii
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1CHAPTER 1
INTRODUCTION
1.1 Overview
Distribution systems are experiencing a fast transformation from simple one-way radial
feeders to complex networks with multiple sources and bidirectional power flows [1]. The
rapid increase of Distributed Energy Resources (DER) connected to the distribution system
over the last decade, especially Solar Photovoltaic (PV), has been key a element of this
transformation.
The variable nature of PV-based DER has increased the complexity of voltage regula-
tion in distribution systems. Electric utilities are facing an increasing number of voltage
issues in the distribution system with the high penetration of DERs. This leads to customers
experiencing voltage levels outside of range A of the American National Standard for
Electric Power Systems and Equipment - Voltage Rating, ANSI C84.1 standard. Electric
utilities have to expend resources, both human and economic, to mitigate the voltage issues
caused by the interconnection of DERs. The economic impact of voltage issues can be
considerable in some cases.
Conventional methods to mitigate voltage issues in distribution systems, such as the ad-
dition of voltage regulators and capacitor banks, could be ineffective in mitigating localized
voltage issues caused by high levels of DER penetration. Other mitigation options, such
as increasing the conductor size and the operational voltage level of the feeder, are capital
2intensive. There is a clear need in the industry to locally solve voltage issues economically.
Traditionally, distribution systems have been analyzed using snapshot tools and meth-
ods that may not be adequate to accurately analyze the fast variability and complex in-
teraction of high levels of DERs in distribution feeders. Snapshot study methods only
analyze peak periods or a peak variability day, which makes determining the maximum
and minimum voltage at the feeder complicated.
Radial feeders are simple and can be analyzed using peak load to find the minimum
voltage and light load to find the maximum voltage. The addition of generation on the
distribution feeder complicates the analysis of the distribution feeders. The maximum and
minimum voltages are no longer found by using peak load and light load scenarios and a
time-series analysis is necessary. [2].
In this dissertation, a new device, a Residential Static Volt-Ampere Reactive Compen-
sator (RSVC), is proposed. The RSVC could be used to mitigate both low and high voltage
issues by deploying them in a feeder with a high DER penetration level. This dissertation
investigates the interaction between solar inverters, voltage regulators, and capacitor banks
with the proposed RSVC. Loss sensitivity factors are used to determine the buses that will
be candidates to host an RSVC, effectively reducing the search space and shortening the
processing time. Quasi-static time-series simulations will be used to analyze the feeder
during the hours of the year, covering most of the possible operating conditions the feeder
experiences.
1.2 Research Motivation
The increased complexity of distribution systems has attracted the attention of many re-
searchers to investigate methods to make distribution systems more efficient, reduce losses,
3maintain voltage within limits, and maintain reliability with the increased number of dis-
tributed generation connected to the distribution system.
The integration of renewable energy brings a new set of challenges to the way distribu-
tion systems are operated. One of the main issues with the integration of renewable energy
is the voltage rise at the Point of Common Coupling (PCC) for each DER. The voltage rise
limits the amount of DER that can be connected to the distribution system.
The work presented in this dissertation focuses on solving high and low voltage con-
ditions in the distribution system by addressing the problem at the customer level. The
continuous improvements in power electronics and Field Programmable Gate Arrays (FP-
GAs) in the last decade have made the realization of a single-phase RSVC possible. The
single-phase RSVCs proposed in this dissertation implements a high frequency Pulse-
Width Modulation (PWM) switching technique, that produces a sinusoidal wave with neg-
ligible harmonics, eliminating the need for a filter.
The flexibility that the RSVC provides to control the voltage makes it possible to solve
both high and low voltage conditions with the same device. The RSVC also increases the
operational flexibility and the hosting capacity of a feeder.
1.3 Proposed Method
This work proposes the use of a new device to regulate voltage in distribution systems by
controlling the voltage at the customer level. The proposed device, the RSVC, can be used
to mitigate low and high voltage issues in distribution systems. The simulations presented
in this proposal are based on the test feeder J1 from the Electric Power Research Institute
(EPRI) [3].
41.4 Dissertation Organization
This dissertation is organized as follows. In Chapter 2, a review of the standards that
regulate the voltage magnitudes in distribution systems is presented. Also, a detailed
derivation of the voltage change at the load terminals is presented as a way to show how
PV systems and RSVCs can change the voltage in distribution systems. A summary of the
current technologies employed by utilities to control voltage in their distribution systems is
also presented.
In Chapter 3, the derivation of loss sensitivity factors is presented by using the same
model as a publicly available published paper. The calculation of the sensivity factors
obtained from OpenDSS are presented and compared to the published results.
In Chapter 4, the principles of operation of the RSVC developed at BSU are presented.
A description of the method used for sizing the reactive components is also presented.
The chapter includes the model developed in Simulink to represent the RSVC and the
verification of its equivalent model used in OpenDSS.
Chapter 5 describes the test feeder used in this dissertation. The chapter shows the
voltage impact that the current DG has in the feeder. An static analysis of the feeder is
presented in this chapter. The effects of deploying RSVC in the feeder using a static mode
are shown in this chapter.
Chapter 6 shows the time series analysis of the test feeder. The impact of the DG
is presented and the results on voltage, voltage variability and voltage regulating devices
number of operations by adding RSVCs in the feeder are presented.
Chapter 7 presents a case study performed on a distribution feeder.
Finally, Chapter 8 presents the conclusions obtained from this work and suggests areas
for future research.
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BACKGROUND
Residential customers are connected to the secondary side of a service transformer, which
reduces the distribution voltage to the service voltage. The two Investor Own Utilities
(IOU) in Idaho use typical distribution voltages of 12.47 kV or 34.5 kV. Typically, service
voltages are 120 V or 240 V at the meter terminals. The service voltage is the voltage used
by home appliances and lighting. Electric utilities focus on regulating the voltage on the
distribution side of the service transformer, rather than at the customer side. Designers and
engineers usually apply a constant voltage drop across the service transformer to estimate
the voltage at the service side of the residential customer during planning studies.
There are several factors that affect the voltage on a distribution feeder. Some of the
most common factors are: 1) size of a primary feeder conductor; 2) loads on a primary
feeder; 3) power factor of feeder loads; and 4) length of a primary feeder [4].
A residential customer connects to the main feeder via a tap along the main trunk of
the feeder, drawing current through the line and causing the voltage to drop as successive
customers get connected further away from the substation.
A typical distribution feeder is shown in Fig. 2.1. During heavy load conditions, the
voltage at the feeder head will be increased (usually by using a Load Tap Changer (LTC))
to compensate for the voltage drop. The LTC will increase the voltage at the feeder head to
ensure the customers at the end of feeder remain within the voltage limits.
6Figure 2.1: Representation of a typical distribution circuit
The high current, due to the heavy load, will cause a voltage drop along the feeder.
As the customers connect to the feeder further along the substation, they will see a lower
voltage. Figure 2.2 shows how customers experience lower voltage as they are connected
further away from the substation.
For example, if the voltage at the feeder head is set at the nominal voltage, the customers
situated toward the end of the feeder could experience low voltage. Also, if the voltage is
set to ensure the customers at the end of the feeder receive nominal voltage under heavy
load conditions, the customers near to the feeder head could experience high voltage during
light load conditions.
Utilities use an LTC at the substation transformer to regulate the voltage at the feeder
head according to the feeder loading and to ensure an adequate voltage for all customers.
Voltage regulators and capacitor banks are also used as a way to regulate the voltage along
the distribution feeder.
The addition of DERs complicates the regulation of the voltage profile along the feeder.
DERs raise the voltage at their Point of Common Coupling (PCC) and decrease the current
flowing through voltage regulators and LTCs. The reduction of the current through the LTC
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Figure 2.2: Typical Voltage Profile Under Heavy Load
could result in low voltage for adjacent feeders without DERs connected to them.
2.1 ANSI C84.1 Voltage Ratings
The American National Standard for Electric Power Systems and Equipment - Voltage Rat-
ing, ANSI C84.1 standard [5], establishes nominal voltage ratings and operating tolerances
for 60 Hz electric power systems above 100 V. Fig 2.3 shows the voltage range set by ANSI
C84.1 [6].
Voltage regulation requirements are defined in two categories: Range A and Range B.
Range A is for normal conditions, where the required regulation is ±5% on a 120 V base
at the service entrance. For services above 600 V, the required regulation is -2.5% to + 5%.
This standard also distinguishes between service voltage and utilization voltage. Ser-
8Figure 2.3: ANSI C84.1 Voltage Range
vice voltage is measured at the point of delivery, which is typically the utility meter.
The utilization voltage is measured at the terminals of the utilization equipment. The
difference between service and utilization voltage allows for voltage drop in the facility
wiring between the point of utility delivery and the utilization equipment.
The occurrence of service voltages outside Range A limits should be infrequent. Range
A must be the basis for the utilization equipment’s design and rating. Range B should be
limited in extent, duration and frequency. Range B results from the practical design and op-
erations of the distribution system. For common nominal system voltage, the recommended
service and utilization voltage ranges from 120 V to 600 V in the ANSI C84.1.
92.1.1 Range A Service Voltage
Electric supply systems should be designed and operated so that most service voltages will
be within the limits specified for Range A. The occurrence of service voltages outside of
these limits should be infrequent.
2.1.2 Range A Utilization Voltage
User systems should be designed and operated so that with service voltages within Range A
limits, most utilization voltages will be within the limits specified for this range. Utilization
equipment should be designed and rated to give full performance throughout this range.
2.1.3 Range B Service and Utilization Voltage
Range B includes voltages above and below Range A limits that necessarily result from
practical design and operating conditions on supply or user systems, or both. Although
such conditions are a part of practical operations, they should be limited in frequency and
duration. When they occur, corrective measures should be implemented within a reasonable
time to improve voltages to meet Range A requirements.
2.1.4 Outside Range B
It should be recognized that because of conditions beyond the control of the supplier or user,
there will be infrequent and limited periods when sustained voltages outside Range B limits
will occur. Utilization equipment may not operate satisfactorily under these conditions and
protective devices may operate to protect the equipment.
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2.2 Voltage Variations
Voltage variations can affect the performance of end-user equipment as well as shorten
their lifetimes. High voltage increases the risk of insulation failure of transformers, cables,
motors, and end-user equipment. Higher voltage during normal operation increases the
base from which the transient high voltages start. Increasing the base increases the peak
voltage and thus the risk of insulation failure. Higher than normal voltage at transformer
terminals increases the magnetizing current of the transformers, distorting the magnetizing
current.
Under voltage leads to reducing the starting torque of induction motors, increases the
full-load temperature, and lowers the power factor which increases the voltage drop. The
reduced starting torque increases the time it takes the motor to reach rated speed. In
an extreme scenario, the low voltage might stall the motors, becoming a short-circuited
transformer. A stalled motor will increase the reactive current and cause a greater voltage
drop seen by the loads close to the motor. Low voltage increases the duty cycle for any
equipment that uses a thermostat, such as heating, refrigerating, and air conditioning,
resulting in the increase of the total current drawn by these devices [7].
2.2.1 Changes in Voltage Due to Load
The change in voltage at the load terminal due to the change of load could be explained us-
ing a Thevenin equivalent. Thevenin’s theorem states that a linear circuit can be represented
as an ideal voltage source behind a constant impedance. If one considers the Thevenin
equivalent in Figure 2.4, a practical approximation, the voltage E can be approximated by
the voltage on the primary side of the service transformer and the impedance Z can be
approximated by the impedance of the service transformer [7].
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Figure 2.4: Thevenin representation of the power system
Consider the Thevenin equivalent from Figure 2.4. The voltage seen by the load, V˜r,
can be expressed as:
V˜r = V˜s− Z¯I˜ (2.1)
The power delivered to the load is:
S¯ = V˜r I˜∗ = P+ jQ (2.2)
The voltage drop can be derived from (2.1) as:
∆V˜ = V˜s−V˜r = Z¯I˜ (2.3)
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The load voltage can be used as the reference along the positive axis so that:
V˜ =Vr =Vr 0◦ (2.4)
Using (2.2), the current as a function of the active and reactive power can be derived to
obtain:
I˜ =
P− jQ
Vr
(2.5)
Plugging (2.5) into (2.3); the voltage drop can be expressed in terms of the power
delivered to the load and the impedance seen by the load as:
∆V˜ = Z¯I˜ = (R+ jX)
(
P− jQ
Vr
)
(2.6)
Substituting the real and imaginary components of the impedance, Z = R+ jX , the
voltage drop can be expressed in terms of the load power, the impedance seen by the load,
and the voltage at the load terminals as:
∆V˜ =
(RP+XQ)+ j(XP−RQ)
Vr
(2.7)
The voltage drop is the difference on the absolute value between the source and load
voltage and can be expressed as:
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∆V˜ =
∥∥V˜s−V˜r∥∥ (2.8)
Dividing both sides of the equation by Vr gives:
∆V˜
Vr
=
∥∥∥∥V˜s−V˜rV˜r
∥∥∥∥ (2.9)
∆V˜
Vr
=
∥∥∥∥V˜sV˜r −1
∥∥∥∥ (2.10)
Assuming that the angle between the Vs and Vr is small enough that it can be ignored,
which is usually the case in distribution systems, equation (2.10) can be simplified to:
∆V˜
Vr
=
∥∥∥∥V˜sV˜r
∥∥∥∥−1 (2.11)
Solving for Vs in equation (2.3) and substituting it in (2.11) gives:
∆V˜
Vr
=
∥∥∥∥V˜r +∆V˜Vr
∥∥∥∥−1 (2.12)
Simplifying inside the absolute value gives:
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∆V˜
Vr
=
∥∥∥∥1+ ∆V˜Vr
∥∥∥∥−1 (2.13)
Substituting equation (2.7) into equation (2.13) gives:
∆V
Vr
=
∥∥∥∥1+ (RP+XQ)+ j(XP−RQ)V 2r
∥∥∥∥−1 (2.14)
The magnitude of the absolute value is:
∆V
Vr
=
√(
1+
RP+XQ
V 2r
)2
+
(
XP−RQ
V 2r
)2
−1 (2.15)
Equation (2.15) cannot be used to easily calculate the actual voltage of the load, Vr,
because the variable appears on both sides of the equal sign. However, the equation can be
used to calculate the rise or reduction in voltage due to change in the load.
In distribution systems the angle between the sending end and the receiving end is very
small. Equation (2.15) can be simplified assuming that:
1+
RP+XQ
V 2r
 XP−RQ
V 2r
(2.16)
The expression for the normalized voltage drop can be reduced to:
∆V
Vr
∼=
√(
1+
RP+XQ
V 2r
)2
−1 (2.17)
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Simplifying the square root from 2.17, the normalized voltage drop becomes:
∆V
Vr
∼= 1+ RP+XQ
V 2r
−1 (2.18)
Equation (2.18) can be further reduced to:
∆V
Vr
∼= RP+XQ
V 2r
(2.19)
The voltage drop can finally be expressed as:
∆V ∼= RP+XQ
Vr
(2.20)
2.3 Voltage Control Methods
When the voltage provided by an electric utility is outside Range A of the ANSI C84.1
standard, electric utilities need to correct the voltage to ensure all customers are receiving
voltage within Range A. If the voltage experienced by a customer is below the Range A
limit, it needs to be increased. If it is above the high limit of range A, it needs to be reduced.
Electric utilities use numerous ways to improve the distribution voltage profile along the
feeder. The most common methods are listed below:
• Use of a generator voltage regulator
• Application of voltage-regulating equipment in the distribution substations
• Application of capacitors in the distribution substation
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• Balancing of the loads on the primary feeder
• Increasing feeder conductor size
• Changing of feeder sections from single-phase to multi-phase
• Transferring loads to new feeders
• Installing new substations and primary feeders
• Applications of voltage regulators out on the primary feeder
• Increasing the primary voltage level
• Application of shunt capacitors on the primary feeders
• Application of series capacitors on the primary feeders
This list covers a wide range of options to control the voltage in the distribution feeder:
from building new facilities, to transferring load from one feeder to another. The complete
list is given by [8].
The construction of new facilities, increasing the primary voltage level and increasing
the conductor size, requires a big capital investment and are usually the last option consid-
ered. When possible, low capital options such as transferring load are the first option.
For over a century, distribution networks have been operated radially, with the substa-
tion as the only source in the circuit. In a radially-operated feeder, the voltage is regulated
by a LTC situated at the feeder head. The voltage decreases as a function of the distance
and the amount of load connected. The voltage regulation problem for radially-operated
distribution systems is a problem that has been solved by utilities for several decades.
LTCs, Automatic Voltage Regulators (AVRs), and capacitor banks have been used by
utilities for decades to regulate voltage in distribution systems. However, the increase of
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DG connected to the distribution system and the push from some regulatory bodies to
implement Conservation by Voltage Reduction (CVR), has increased the complexity of
voltage regulation in distribution systems. This requires more complex algorithms and
smarter devices to control the voltage.
2.3.1 Capacitor Banks
The wide use of motors in every aspect of today’s society causes most loads in a distribution
feeder to have a lagging power factor as the motors absorb reactive power. The voltage drop
of a feeder operating with a low power factor will be higher than a feeder with the same
amount of load operating with a unity, or close to unity, power factor. A low power factor
increases the apparent power, the magnitude of the current flowing through the distribution
lines, and the voltage drop along the feeder. To reduce the magnitude of the apparent power,
shunt capacitors are installed along the feeder to reduce the reactive power required at the
head of the feeder, a common practice called power factor correction.
In addition to improving the power factor, capacitors provide voltage correction. The
leading current that flows through the distribution system decreases the voltage drop due
to the inductive reactance, causing a voltage rise. The voltage rise is proportional to the
current of the capacitor, the imaginary part of the impedance between the voltage source,
and the capacitor location, as shown in Eq. (2.21).
∆V (V )≈ Ic ∗Zc (2.21)
where ∆V is the voltage rise in Volts, Zc, is the conductor reactance in Ohms, and Ic is the
capacitor current.
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The use of shunt capacitors to compensate for low voltage and low power factor is a
common practice among electric utilities. The capacitor current can be calculated if the
reactive power rating of the capacitor bank and the phase to neutral voltage are known,
using Eq. (2.22).
Ic =
Qc
VLN
(2.22)
where Qc is the rated kVAR per phase, VLN is the phase-to-neutral voltage in kV.
2.3.2 Load Tap Changers
A common method to regulate voltage in a distribution network is the use of Load Tap
Changers. Taps are connections on a transformer winding that slightly change the turn
ratio of a transformer. Load Tap Changers can be manual or automatic.
Automatic Tap Changers (ATCs) or LTCs are widely used for voltage regulation in a
distribution system with fluctuating loads. LTCs can change the voltage by tapping up or
down, effectively changing the turn ratio of the transformer, without interrupting the load.
Figure 2.5 shows the typical diagram of an LTC. LTCs typically have a 10 % voltage
regulation range. The diagram shows a preventive auto-transformer connected to line H1.
The preventive auto-transformer has a high impedance between transfer contacts to prevent
high circulating current from damaging the windings as the taps are changed, and a low
impedance between H1 and the transfer switch contacts.
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Figure 2.5: Typical diagram of an LTC
2.3.3 Voltage Regulating Transformers
A voltage regulator, sometimes also called a step-voltage regulator, is basically a 1:1
transformer with its source winding connected in shunt and its load winding connected
in series. The voltage regulator can either aid (raise) or oppose (lower) the voltage in the
feeder.
Voltage regulators used by utilities usually allow a ±10% regulation range of the line
voltage in 32 steps. Half of the steps, 16, are designated to buck (reduce) voltage and
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the other half to boost (increase) the voltage. Voltage regulators can be installed either
at the feeder level or at the substation level, and they can be either three-phase units or
single-phase units.
Most voltage regulators installed in the distribution system are single-phase because the
loads are unbalanced and three independently-controlled voltage regulators can control the
voltage better than a three-phase voltage regulator. A diagram of a single-phase voltage
regulator is shown in Figure 2.6.
SL
L
S
M
Reactor
Shunt 
Winding
Control 
Winding
Control
C.T
Rev Switch
Series Winding
Figure 2.6: Single Phase Voltage Regulator
2.3.4 Voltage Impact of Distributed Energy Resources
The interconnection of DERs in the distribution system raises the voltage at the PCC. The
voltage rise due to the interconnection of DER can be better understood by studying a
simple radial circuit. Figure 2.7 shows a simplified feeder with one DER connected at the
end of the feeder.
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Figure 2.7: Single line diagram of a secondary feeder with a DER connected at the end of
the feeder
The simplified power flow equation relating the voltage difference between the sending
and receiving end is given by:
Vm−Vs ≈ R(Pm−Pl)+X(Qm−Ql)Vm
(2.23)
where Pm is the active power output, Qm is the reactive power output, Pl is the active power
demand at the DER location, Ql is the reactive power demand at the DER location, and
R+ jX is the supply impedance from the source to the DER location.
The supply impedance is composed of the utility source impedance, primary feeder
impedance, distribution transformer impedance, and secondary system conductor impedance
[9].
There are two components that affect the voltage at the customer terminals, the baseline
voltage that is a function of the load and the impedance of the feeder, and the voltage rise
due to the distributed generation. These two components can be separated from (2.23) and
rearranged as:
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Vm ≈
[
Vs− RPl +XQlVm
]
+
[
RPm+XQm
Vm
]
(2.24)
The first term of Eq. (2.24) represents the existing baseline voltage, Vb, without the
presence of the DER. The base voltage is mainly affected by the load connected to the bus,
the voltage in the primary feeder, and the position of the voltage regulator (in case there is
one between the substation and the customer).
Equation (2.24) can be rewritten in a compact form as:
Vm ≈Vb+
[
RPm+XQm
Vm
]
(2.25)
Equation 2.25 shows that the voltage at the PCC can be affected by both the real and
the reactive power of the DER. The work presented in this dissertation focuses on how to
manage the voltage at the customer level (low side of the service transformer), rather than
the typical distribution feeder level (high side of the service transformer).
2.4 Voltage Control in Distribution Systems with Higher Penetration
of DG
Traditionally, the prevention of excessive voltage drops is the main design goal for distribu-
tion systems. Voltage drop sets a limit to the maximum feeder length. High voltages have
traditionally been less of a concern during distribution system design. The introduction of
Distribution Generation (DG) has changed the way distribution systems are operated, from
simple radial circuits to systems that could have bidirectional power flow and multiple
generation sources. The addition of DG to distribution systems has raised the complexity
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of controlling voltage along the feeder. There have been high voltages reported in feeders
with a high penetration of DG, especially solar PV, and these high voltages are becoming a
concern for electric utilities as described in [10].
The amount of DG, especially solar PV, connected to the distribution system has in-
creased significantly over the past decade [1]. It is estimated that during 2015 alone, over
50 GW of solar PV capacity was added in the US. The total PV capacity installed at the
end of 2015 is estimated to be 228 GW, with most of the new installations being between
500 kW and 2 MW and connecting directly to the distribution system [1] [11].
The ANSI C84.1 standard gives the suggested voltage at the customer meter. Readings
of the voltage at the customer meter were not widely available less than a decade ago and
the voltage control was performed at the feeder level. When the voltage at the meter is
unknown, utilities estimate the voltage at the meter using a fixed voltage drop across the
service transformer. The estimation of the voltage leads to either a conservative approach
where the voltage at the feeder level was kept relatively high to ensure that the voltage at
the customer meter was within the ANSI c84.1 standard or to an underestimation of the
voltage drop across the service transformer, resulting in low voltage at the customer meter.
The widespread use of Advanced Metering Infrastructure (AMI) to obtain voltage and
consumption data has increased the accuracy of voltage control algorithms. In [12], the
author discusses three methods to measure the Low Voltage (LV) secondary voltage drop
using AMI. The accurate knowledge of the voltage at the meter has increased the number
of algorithms used to control the voltage at the feeder level.
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2.5 Voltage Control in Feeders with Distributed Generation
Researchers have long studied the voltage regulation control problem in distribution sys-
tems containing DG by coordinating the use of the LTC controller and the reactive power
compensation. In [13], the authors proposed a control and coordination algorithm to
manage the LTC and the reactive power compensation devices available in a feeder. The
authors of [14] present a framework to assess the performance of different LTC-based
strategies.
The authors in [15] address power quality issues associated with PV interconnection
and propose to use reactive power compensation to mitigate the voltage issues due to DG
by controlling the PV inverter using the Pulse Width Modulation (PWM) technique to drive
the inverter. Their proposed control technique shows a reduction in voltage regulation in
feeders with a high penetration of PV.
The slow response time of LTCs and AVRs and the limited flexibility of these devices
to accommodate large amount of DG penetration have been investigated in [16] and [17].
The authors of [18] studied the impact of DG in distribution systems with multiple voltage
regulation devices and proposed an on-line voltage control strategy for a distribution system
containing a synchronous machine-based renewable DG and multiple voltage regulating
devices.
In [19], the authors proposed a control coordination technique between the DG con-
troller, the LTC controller and the AVR controller to utilize the DG as a voltage regulator
to minimize the interaction with other active voltage control devices, like the LTC and the
AVR controllers. The control technique proposed is based on the concept of a control zone,
line drop compensation, dead band and manipulation of the controller parameters.
The authors in [15] demonstrated that reactive power compensation is effective in
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mitigating voltage issues due to high levels of DG penetration. However, not all electric
utilities have the power of requiring PV installations to operate their PV systems in this
mode. Reactive compensation is a recognized method for improving the voltage profile
along the transmission and distribution systems as described by [20–22].
Electric utilities, specifically IOUs, are regulated by the state Public Utility Commis-
sions (PUC). The state PUC sets the rules for the requirements that an IOU can set on a
DG to interconnect to the IOU system. The local electric utility, Idaho Power, requires
that utility scale DG to meet the reactive requirements set by the Institute of Electrical and
Electronics Engineers (IEEE) 1547-2018 standard. Idaho Power currently does not require
residential DG installations to provide reactive compensation.
There is a need for electric utilities to mitigate local voltage issues at the local level due
to the increase in DG penetration. The RSVC presented in this dissertation aims to bridge
the gap between currently installed DG that do not have reactive compensation capability,
and future installations of DG that would be required to provide the reactive compensation.
2.6 Reactive Compensation in Distribution Systems
Reactive power compensation can be achieved as either series compensation or as a shunt
compensation. Reactive series compensation changes the equivalent impedance of the
transmission or distribution line. Reactive series compensation has been used in trans-
mission lines to change the impedance and to change the power flow. Reactive shunt
compensation changes the equivalent impedance of the load. Reactive shunt compensation
is mainly used as a way to control the voltage in transmission systems [23].
In distribution systems, reactive power compensation is typically associated with the
optimal adjustment of capacitor banks to satisfy operating constraints and minimize energy
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losses. The dynamic compensation of reactive power is usually achieved by using switched
capacitor banks that turn on and off depending on a control variable. The control variable
can be a localized measurement such as voltage or reactive power or it can be controlled
by a remote measurement. Capacitor banks can also be independently controlled or can be
part of a centralized control algorithm to minimize circuit losses and improve the power
factor of the entire feeder [24].
Electric utilities limit the switching of the capacitor banks to extend their lifetime and
to minimize the transient high voltage associated with the closing of a capacitor bank. A
common way to limit extensive switching is to apply a delay in the capacitor controller,
typically in the range of tens of seconds to minutes. The slow response of capacitor bank
switching could lead to high and low voltage in feeders with high penetration of DG, as
discussed later in this dissertation.
2.6.1 Shunt Compensation
In distribution systems, shunt compensation is used to compensate for the lagging current
in the feeder due to inductive loads. Shunt devices, such as capacitor banks, inject VARs
into the distribution system, improving the voltage regulation at the receiving end terminals
[23].
The distribution system is compensated by the leading current injected by the capacitor
banks reducing the lagging current supplied by the AC source [23]. The leading current
injection can be modeled as current source, as shown in Fig. 2.8. Shunt compensation
helps to improve the power factor and the voltage profile in a distribution system.
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Figure 2.8: Reactive Shunt Compensation with phasor diagram
2.6.2 Series Compensation
Series compensation is achieved by decreasing or increasing the reactance of power lines
by installing series capacitors or series inductors. The total reactance of the line can
be modified and thus the amount of power flowing through the line can be increased or
decreased [25].
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CHAPTER 3
LOSS SENSITIVITY FACTORS
3.1 Loss Sensitivity Factors
Loss Sensitivity Factors (LSF) are defined as the change in the total real power loss with
respect to the change in the injection of reactive power at a particular node or bus. LSF
have been used by researchers as a way to limit the search space of different optimization
algorithms [26]. LSF are used to determine which buses are sensitive to the change in
reactive power and which buses are not. The buses with a low LSF could be removed from
the search space of an algorithm. Having a smaller search space reduces the number of
iterations that it takes an algorithm to arrive at the optimal solution [26, 27].
The authors in [26] used LSF to find suitable candidate buses for reactive support,
reducing the search space of their optimization algorithm. The authors in [27] used LSF
to find the candidate nodes and then also used LSF to determine the sequence in which the
nodes were considered to host a capacitor bank. In both cases, the number of iterations to
arrive at the optimal solution was reduced.
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3.2 Derivation of Loss Sensitivity Factors
3.2.1 Sensitivity Factors
The Loss Sensitivity Factor (LSF) method is a technique that is based on the linearization
of the nonlinear loss formula. The LSF determines how sensitive the system losses are to
the real or reactive power injection at any given bus.
The LSF have been applied to allocate capacitor banks in distribution feeders in the
past. However, the approaches only used the peak load of the feeder [28, 29]. A feeder
operates at peak capacity only during a few hours out of the year and using only the peak
load might not be accurate for identifying the optimal location of capacitors to reduce losses
over a period of time such as a year. A more accurate way to determine the optimal location
for the RSVCs would be to use a daily or annual load shape of the load and minimize the
losses over an entire period of time, rather than only at peak.
3.2.2 Derivation of Loss Sensitivity Factors
Consider a distribution line connected between ’p’ and ’q’ buses as shown in Fig. 3.1.
p
R + jX
q
Peff + jQeff
K - line
th
Figure 3.1: Distribution Line section
The active power loss in the line section ”kth” is given by
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Lossesreal = [I2k ]∗R[k] (3.1)
which can be expressed as:
Ploss =
(P2e f f [q]+Q
2
e f f [q]R[k]
(V [q])2
(3.2)
Similarly, the reactive power loss in the ”kth” line is given by
Qloss =
(P2e f f [q]+Q
2
e f f [q]X [k]
(V [q])2
(3.3)
where Pe f f [q] is the total effective active power supplied beyond the node ’q’, Qe f f [q] is
the total effective reactive power supplied beyond the node ’q’, R[k] is the real part of the
impedance between nodes ’p’ and ’q’, X [k] is the imaginary part of the impedance between
nodes ’p’ and ’q’, and V [q] is the voltage at node ’q’.
The loss sensitivity factors can be obtained as:
δPloss
δQe f f
=
2∗Qe f f [q]R[k]
(V [q])2
(3.4)
δQloss
δQe f f
=
2∗Qe f f [q]X [k]
(V [q])2
(3.5)
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3.2.3 Loss Sensitivity Factors at Peak Load
Large distribution feeders usually have thousands of nodes, with the majority of them not
needing reactive compensation. Reducing the number of buses that could host an RSVC
will reduce significantly the run time of the sizing algorithm. The use of loss sensitivity
factors to reduce the potential nodes that require reactive compensation is presented in [28].
However, their analysis only focuses on the nodes with low voltage, excluding buses that
could experience high voltage.
The recent increase in distribution connected solar PV could cause high voltage in the
feeder and has been demonstrated to do so [30]. Traditional reactive compensation that
is achieved via capacitor banks would not be able to reduce the voltage at the PCC of a
customer with rooftop PV installed. However, the RSVC presented in this dissertation can
operate in inductive mode and hence it is able to reduce the voltage at the bus to which it is
connected.
Buses with high voltage will also be considered as part of the set of potential buses to
host an RSVC, given the capability of the RSVC to reduce high voltages.
3.2.4 Loss Sensitivity Factors in OpenDSS
The work presented in this dissertation uses OpenDSS as the main simulation platform.
The authors in [28] published the LSF of a distribution feeder. The data of the distribution
system used to calculate the LSF is available in [31]. The distribution feeder in [31] was
built using OpenDSS and the power flow solution was compared to the published results.
The LSF values in [28] were compared to the results obtained in the OpenDSS model and
are shown in Table 3.1. The average error between the published results and the created
OpenDSS model is only 0.47% with a maximum error of 1.669%. The small error between
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the published paper and the results presented here can be attributed to the difference in the
method of solving the power flow.
Table 3.1: Loss Sensitivity Factors Results Comparison
Bus No [31] Proposed
approach
(OpenDSS)
Error (pct)
Bus 2 0.029661 0.030098 1.4500
Bus 3 0.015485 0.015545 0.0700
Bus 4 0.006182 0.0061777 0.0923
Bus 5 0.001256 0.0012553 0.3290
Bus 6 0.016437 0.016452 0.3857
Bus 7 0.002811 0.0028107 0.3043
Bus 8 0.001613 0.001613 1.2169
Bus 9 0.004134 0.0041352 0.0018
Bus 10 0.001342 0.0013416 1.6694
Bus 11 0.008526 0.0085001 0.0528
Bus 12 0.005266 0.0052139 0.0100
Bus 13 0.001678 0.0016578 0.9998
Bus 14 0.002966 0.0029173 0.0286
Bus 15 0.003141 0.0031307 0.0300
A sensitivity analysis is used to select the candidate locations for placing the RSVC in
the distribution system. Loss Sensitivity Factors will be used to determine the candidate
buses to host an RSVC. As an example, the LSF for the distribution system in [28] are
shown in Fig. 3.2. Based on the figure, the first RSVC would be connected to Bus 2, the
second one to Bus 6 and so on. The last bus to consider to host an RSVC would be Bus 5,
since it has the lowest sensitivity factor value. The estimation of these candidate locations
helps in reducing the numbers of buses that are candidates to host an RSVC. In earlier
works heuristics and engineering judgment have been used to select the locations. The
sensitivity analysis applied in this work is a systematic procedure to select those locations
which have maximum impact on the system’s real power losses.
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Figure 3.2: Loss Sensitivity Factors Using OpenDSS
3.2.5 Daily Sensitivity Factors
This dissertation introduces the concept of daily sensitivity factors to represent the sensi-
tivity factor at each bus during each hour of the day. The daily sensitivity factors are then
averaged. The LSF for each bus is the average value of the LSF calculated for each hour of
the day. The daily LSF are more representative than a LSF calculated for a single loading
condition because it reflects how the load changes in the feeder with respect to time.
Even though each customer could have a unique load shape during a 24-hr period,
there are similarities between customer’s classes. Residential customers tend to peak in the
late afternoon, when most people get home from work, whereas industrial and commercial
customers tend to peak earlier in the day when most people are working.
The Electric Power Research Institute (EPRI) has developed a load shape library under
Project Set P170A Analytical Frameworks with the objective to facilitate the collection,
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use, and functionality of a library representative of electric load shapes by climate zone,
geography or by utility [32]. A typical residential, commercial, and industrial load shape
for the North-West United States was obtained from EPRI’s library .
A typical distribution feeder has all types of customers connected to it, including resi-
dential, commercial, and industrial. Distribution engineers can get a good idea of the load
profile of the feeder by looking at the current and voltage measurements that most feeders
have at the feeder head. Some utilities have installed Advance Meter Infrastructure (AMI)
that gives them access to hourly data of each customer.
The three load shapes, residential, commercial, and industrial, were assigned randomly
to each of the loads in the sample feeder. The LSF at each hour of the day were calculated.
The results are shown in Fig. 3.3.
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Figure 3.3: Hourly Loss Sensitivity Factors
The results shown in Fig. 3.3 show that the LSF for a bus are different depending on
the loading of the feeder. It can also be seen which buses have a wide range of values of
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the LSF. Theses buses would be good candidates to host an RSVC, whereas the buses that
do not change or barely change would not be impacted significantly by an RSVC.
3.3 Similar Devices
In recent years, companies have started to offer localized solutions to voltage problems.
Other companies have been founded with the purpose of mitigating localized voltage issues
due to the high penetration of DG. Two of the companies that have commercially available
products with this objective in mind and already have a product commercially available are
Varentec and the Gridco Systems.
Varectec offers a dynamic VAR source that can be mounted on a pole top service trans-
former or next to a pedestal type service transformer, while Gridco offers a low voltage,
pole-mounted, 20 kVA Static VAR Compensator.
3.3.1 Varentec
Varentec developed a 10-kVAR unit called ENGO in the past three years. The ENGO unit is
a secondary-side voltage and VAR regulator that combines real-time voltage control with
monitoring to implement Volt/VAR control. The ENGO unit has a range of 0-10 kVAR
reactive power injection. The details of the how the switching of the power electronics is
implemented in this device is protected and it is not publicly available [33].
3.3.2 Gridco Systems
Gridco Systems has recently launched a reactive support product called SVC-20. The
SVC-20 has a rating of 23.2 kVAR at 277 Volts and 17.4 kVAR at 240 Volts. It is designed
to be connected on the secondary side of a service transformer and its two main applications
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are voltage assurance and CVR. The switching technique used by the SVC-20 is also
proprietary and it is not publicly available [34].
The RSVC presented in this dissertation aims to solve localized voltage issues in a
feeder with high penetration of DG at an affordable price for the utility company. While
the price of the two previous products is not available without a consultation of the appli-
cation, it is believed by the author of this dissertation to be on the order of thousands of
dollars, making the wide implementation of these products non-competitive with traditional
solutions used by electric companies.
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CHAPTER 4
RSVC DESIGN AND MODEL
4.1 Residential Static VAR Compensator
The Power Research Group at Boise State University (BSU) has been working on devel-
oping an RSVC over the past three years. The RSVC has been designed as a device that
can provide voltage regulation to enhance the implementation of Conservation by Voltage
Reduction (CVR) and to mitigate low and high voltage issues due to high levels of PV
penetration.
Static VAR Compensators (SVC) have been in operation for decades in transmission
and distribution systems. In distribution systems SVCs are not widely utilized due to their
cost. The SVCs are limited to special applications in distribution systems such as electric
arc furnaces, car crushers, phase balancing and other specialized industries [35, 36].
The RSVC prototype was developed as a shunt device that could be mounted on a
distribution pole and could be connected to the secondary side of a 25-kVA pole-mounted
service transformer. The service transformer reduces the voltage from distribution levels
(15 kV - 34 kV) to utilization voltages (240 V). Typically, a 25-kVA transformer will
serve at least three different residential customers. The reactive components of the RSVC
were sized to regulate the residential voltage according to the ANSI C84.1 Standard. The
schematic of the RSVC is shown in Fig. 4.1.
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Figure 4.1: Residential Static VAR Compensator Schematic
4.1.1 Distribution System Modeling
The RSVC was developed as a single-phase device connected in shunt to the secondary
side of a 25-kVA service transformer. To size the reactive components of the RSVC it
is important to analyze the primary side of the service transformer. The modeling of the
primary side of the service transformer is necessary to represent accurately the strength of
the system as seen by the RSVC. The strength of the system can be thought of as the short-
circuit current available at any given point, the higher the short-circuit current available,
the stronger the system.
A test feeder was created by building a simple feeder in PowerWorld. The source serves
five uniformly distributed 1 MW loads. The distribution conductor used for the simulation
was a 397.5 MCM ACSR (Aluminum Conductor Steel Reinforce), a typical conductor used
by Avista Corporation, a local utility in the state of Idaho.
Figure 4.2 shows the model created in PowerWorld TM of the distribution system. The
substation is modeled as an ideal source that can generate any power, real and reactive, to
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Figure 4.2: PowerWorld Model for a Distribution System with uniformly distributed loads
feed the load and to keep the voltage at a constant value.
The distribution system was modeled by using 5 distributed loads, of 1 MW each,
operating at unity power factor. A 100 MVA power base was used to calculate the Thevenin
equivalent, as seen at the RSVC terminals. The voltage base used at the RSVC terminals
was 240 V. The RSVC was modeled as a generator with zero real power output. The
generator was used to control the voltage at the low side of the service transformer. The
leakage reactance of the service transformer was assumed to be 10% in a 2 MVA base.
The Thevenin equivalent as seen by the third RSVC from left to right in Fig. 4.2 was
calculated to determine the strength of the distribution system at the RSVC terminals. The
impedance diagram of the distribution system is shown in Fig. 4.3.
Solving the circuit in Fig. 4.3 for the Thevenin equivalent, the impedance seen by the
RSVC (ZTH) is 0.051+ j0.0086pu. Using this result, it can be safely assumed that the
distribution system appears as an infinite bus to the RSVC.
The ability of the RSVC to increase or decrease the voltage can be explained using Eq.
(2.20). By increasing or decreasing the reactive power at the load terminals, the voltage
can increase or decrease.
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Figure 4.3: Impedance Circuit of the distribution system to calculate Thevenin impedance
The leakage reactance of the service transformer needs to be modeled accurately given
that the RSVC will be connected to the load side of the service transformer. The leakage
reactance is the amount of flux that leaks from the flux link between the primary and
secondary windings in the service transformer. Ideally, this reactance will be zero, but
in practice, it is impossible to have a zero leakage reactance. The leakage reactance of the
service transformer was assumed to vary between 10% and 20% of the rated transformer
reactance. The amount of reactive power that the RSVC can inject or absorb depends on
the size of the reactive components used to build the RSVC.
4.1.2 Sizing of RSVC components
Conservation by Voltage Reduction (CVR) is the implementation of a voltage strategy that
is based on the observation that some types of loads consume less power when they are fed
with a voltage lower than the rated voltage [37–39].
The RSVC was designed with the goal to enhance the implementation of CVR. To
enhance the implementation of CVR, the RSVC would be matched with a 25-kVA pole
mounted transformer, one of the most common sizes serving residential loads at the local
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utility. The RSVC was designed to operate at 240-V, allowing the prototype to be tested in
a laboratory.
A test circuit was developed in Simulink TM to determine the size of the reactive
components. The high side of the service transformer was modeled using an ideal voltage
source, the service transformer was modeled as having no resistance and a 10% leakage
reactance. The transformer was assumed to be operating at rated nameplate capacity, in
other words, the load was considered to be 25-kVA operating at a 0.95 lagging power
factor. The test circuit is shown in Fig. 4.4.
Figure 4.4: Circuit to size the capacitive component of the RSVC
Capacitor Sizing
The size of the RSVC capacitor was determined by first setting the voltage at the high
side of the service transformer at 228 V (0.95 pu). The RSVC reactor is controlled by a
pair of ideal bidirectional switches. If the top switch is left open, the reactor will have
no contribution to the reactive power of the RSVC and there is no need to take it into
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consideration when sizing the capacitive element of the RSVC. The circuit to determine
the capacitor size is shown in Fig. 4.5.
Figure 4.5: Circuit to size the capacitive component of the RSVC
The size of the RSVC capacitor was increased until the voltage at the load terminals was
equal to 228 V (0.95 pu). This test will ensure that the RSVC has enough reactive capability
to maintain the load voltage within limits when the feeder head voltage is lowered for CVR
purposes.
The results obtained from the simulation suggest that in order to raise the voltage on
the low side of the service transformer to 228 V (0.95 pu) when the voltage at the feeder,
the high side of the service transformer, is kept at 228 V (0.95 pu), the capacitor of the
RSVC needs to be at least 10 kVAR with at a nominal voltage of 240 V. The results of the
simulations are shown in Fig. 4.6. The figure shows that the voltage at the high side of
the service transformer, Vs, is the same as the voltage at the load terminals, Vl . The RSVC
capacitor in this case is compensating for any voltage drop across the transformer, given
that the service transformer is an inductive voltage drop, the capacitance of the RSVC is
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Figure 4.6: Source and Load Voltage with RSVC
able to mitigate the voltage drop and maintain the voltage at the terminals of the load within
range.
Inductor Sizing
The inductor size of the RSVC was determined after the capacitor size was calculated for
the RSVC. The capacitor in the RSVC is going to be operated in a fixed mode, meaning,
it will always be connected, with no switch to take the capacitor out of service. A model
was created in Simulink, where the capacitor was modeled at 10 kVAR at 240 V in parallel
with the load and in parallel with the inductor. The Simulink circuit is shown in Fig. 4.7.
The inductor size of the RSVC was determined by first setting the high side of the
service transformer to 240 V (1 pu). Then, the size of the inductor was increased until the
voltage at the load terminals was equal to 228 V (0.95 pu).
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Figure 4.7: Circuit to size the inductive component of the RSVC
The waveform and Root Mean Square (RMS) value of the voltage at the high side of
the service transformer, Vs, and the voltage at the low side of the service transformer, Vl ,
are shown in Fig. 4.8.
The final sizing of the RSVC was determined to be 10 kVAR for the capacitive compo-
nent and 11.75 kVAR for the inductive component at 240 V.
4.1.3 Model of RSVC
The model of the RSVC was first developed in Simulink due to its high speed and powerful
solver. The model initially used ideal complementary switches instead of real switches.
Fig. 4.9 shows the initial circuit implemented in Simulink. Another Simulink model using
an IGBT switch and the proposed PWM switching technique was later implemented.
The model implemented in Simulink has a time step set in the order of milliseconds to
microseconds. The milliseconds timescale is appropriate to analyze low order harmonic
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Figure 4.8: Source and Load Voltage with RSVC
issues and stability inside the RSVC control algorithm. However, it is not suitable to
perform yearly simulations, where a time step in the hours range is more appropriate.
Figure 4.9: Residential Static VAR Compensator Circuit Implemented in Simulink
An appropriate model that could represent the RSVC behavior accurately and that could
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be used in yearly simulations was needed. So a model was developed in OpenDSS to
represent the behavior of the RSVC. The model was verified by comparing the reactive
power output of the RSVC model in OpenDSS with the reactive power output of the model
created in Simulink. The model in OpenDSS requires an active power output to compile.
The active power of the OpenDSS model was set to consume 0.01 W instead of 0.0 W to
avoid computational issues. The real power set point represents the losses in the RSVC.
The reactive power obtained from the RSVC model implemented in Simulink was
compared to the reactive power output of the model in OpenDSS. The two models were
compared to show that the output of the model in OpenDSS is comparable to the detailed
model developed in Simulink. A variable voltage data set provided by Avista was used as
an input to the Simulink model of the RSVC. The RSVC would react to the changes in
the input voltage and apply the required reactive power to keep the voltage at the RSVC
terminals at 0.95 pu.
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Figure 4.10: Simulink vs OpenDSS (a) input voltage; (b) reactive power
The same voltage data set was used as an input to the model built in OpenDSS. The
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OpenDSS model has the same reactive limits as the RSVC and it will output the necessary
reactive power to maintain the voltage constant. The reactive power output of the model in
OpenDSS was compared to the reactive power obtained from the RSVC model in Simulink.
Fig. 4.10 (a) shows the input voltage and the output voltage used for the simulation and (b)
shows the reactive power output of the Simulink model and the OpenDSS model.
The model in OpenDSS is able to represent the behavior of the RSVC with an accept-
able level of accuracy. The advantage of using the OpenDSS model is the time it takes to
simulate a years worth of data, while Simulink runs on the milliseconds to microseconds
time step, OpenDSS could be used in yearly simulations with time steps that can range
from minutes to hours.
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CHAPTER 5
RSVC DEPLOYMENT
5.1 Description of Test Feeder
The feeder J1 is a real feeder located in the northeastern part of the US [32]. It was selected
for modeling in this dissertation because 1.7 MW of customer-owned PV systems already
exist on this feeder and there is high voltage at times in this feeder that is suspected to be
caused by the customer-owned PV systems.
The peak load of the feeder is approximately 6 MW. The feeder operates at the 12-kV
level and it serves approximately 1,300 residential, commercial, and industrial customers.
The feeder has a total of 58 miles of primary line. The distribution substation is located at
the southern-most edge of the feeder. The 1.7-MW PV systems are located near the center
of the feeder, approximately 5 circuit-miles from the distribution substation.
The voltage regulation of the feeder is carried out by the use of an LTC, feeder voltage
regulators and switched capacitor banks. There are four voltage regulators installed in the
feeder, along with five capacitor banks, three of which are voltage controlled.
There is a small town located at the crossroads west of the PV arrays. The town has a
population of less than 1,000. The town and the surrounding areas and farms are served by
this feeder. Currently, the voltage regulators are used to mitigate voltage issues caused by
the PV arrays. While voltage regulators are effective in mitigating the voltage fluctuations,
the time delay programmed within the voltage regulators prevents them from operating in
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less than 45-90 seconds. The delay is intentionally programmed in the voltage regulators
and capacitor banks to reduce wear and tear of these devices.
A PV array can ramp fast enough to cause voltage violations before the voltage regu-
lators operate. The fast PV ramp is believed to be the cause of the high voltage violations
in the feeder. The feeder model developed by EPRI in OpenDSS was used as the base case
for this dissertation due to its data being publicly available and the results being published
[3].
Figure 5.1 shows the geographic topology of the feeder. The yellow stars show the
location of the existing PV in the feeder. The green squares and diamonds show the
capacitor banks in the feeder and the red diamonds show the voltage regulators present
in the feeder. The black thicker lines indicate all three phases are available while the gray
lines indicate single-phase branches in the feeder. All of the PV installations are beyond
the first voltage regulator and there are some PV installations that are beyond two stages of
regulation and a few are beyond three stages of regulation.
A common way to display the voltage in a feeder is to plot its voltage profile versus
location. The voltage plot is a voltage where the x-axis is the distance away from the
substation and the y-axis is the normalized voltage, usually expressed in the 120-V base.
Using the voltage profile plot it is easier to identify where the voltage regulating devices
are located and how far from the substation they are located. The voltage profile of the test
feeder with no solar PV added to the feeder is shown in Figure 5.2
Figure 5.2 shows that under peak load conditions over the summer the feeder does not
show any voltage violations. The dotted lines in the figure reflect the service voltage and
the solid lines represent the medium voltage lines. The location of the voltage regulators
can be seen by the sharp raise in voltage. The sharp voltage rise represents the source side
of the voltage regulator has a low voltage and the load side of the voltage regulator being
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Figure 5.1: Topology of the Test Feeder
regulated to a higher voltage.
The solar PV available in the feeder was turned on at rated capacity, representing
midday on a summer day. During steady-state conditions, the solar PV in the feeder does
not cause any voltage violations in the feeder. The voltage regulating equipment is able
to operate to maintain the voltage within the limits. Figure 5.3 shows the voltage profile
with the solar PV operating at rated output power. The stars in the voltage profile show the
location of the PV systems in the feeder.
A common test to determine whether or not variable generation, especially solar PV,
could cause voltage violations on the grid is to perform a voltage change test. The volt-
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Figure 5.2: Voltage Profile with no feeder PV
age change test consists of solving the circuit without any generation online, then all the
regulation equipment (i.e. voltage regulators, LTCs, capacitors, etc.) is locked so they
do not operate. After all the regulation equipment is locked, the solar PV, or any other
generation, is added to the model and the model is solved again. The resulting voltage
is the voltage expected to be experienced on the grid before the regulation equipment
operates. During partly cloudy days, solar PV can change its output faster than the voltage
regulating equipment operates, making this test an easy way to check potential violations
when granular data for solar PV and/or data is not available.
The voltage change test was applied to the test feeder by first solving the feeder with no
generation turned on. Then, the regulating equipment was locked in OpenDSS so it did not
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Figure 5.3: Voltage Profile with PV
operate. The generation was turned on and the feeder was solved again. Figure 5.4 shows
the results of the test.
The test can also be performed starting with the feeder and all the PV operating at
rated capacity, locking all the regulating equipment, setting the output power of all the PV
systems equal to zero and solving the model again. This test will simulate a trip on the
PV system or a cloud coverage that reduces the output of the PV system significantly. The
results of this test is shown in Figure 5.5.
Figures 5.4 and 5.5 show that several locations on the feeder could experience high and
low voltage due to the high penetration of PV in the feeder. The high voltage occurs when
the generation ramps up before the regulating equipment is able to operate. The low voltage
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Figure 5.4: Voltage Profile During Voltage Change Test 1
was observed when the generation is taken off-line before the regulating equipment is able
to adjust for the loss of generation. During a highly variable day, this condition could be
present multiple times in a single day.
5.2 Voltage Rise due to Distributed Generation
The interconnection of a distributed generation source to the distribution system will re-
sult in a voltage rise at the Point of Common Coupling (PCC). The voltage rise can be
approximated by:
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Figure 5.5: Voltage Profile During Voltage Change Test 2
∆V
V
=
R∗PDG
V 2
(5.1)
Where R is the source resistance at the DG terminals, PDG is the injected active power, and
V is the nominal voltage. This approximation holds for most practical cases in distribution
systems. The complete expression and derivation can be found in Chapter 2.
Equation 5.1 assumes the DG only injects active power, in other words, the DG is
operating at unity power factor and no reactive power is absorbed from the distribution
system, a typical mode of operation of solar PV generators since currently there is no
revenue for reactive power.
When the DG is operating at a power factor different than unity, the voltage rise will
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depend on the amount of reactive power being injected or absorbed at the PCC. Assuming
maximum real power injection results in maximum voltage rise, the reactive power will be
a fraction of the real power:
Qmax = α ∗Pmax (5.2)
The voltage rise at maximum production is equal to
∆Vmax = R∗Pmax−X ∗Qmax (5.3)
Rearranging eq. (5.3), the voltage rise can also be expressed as follows
∆Vmax = R
(
1−αX
R
)
Pmax (5.4)
5.3 Loss Sensitivity Factors
The test feeder has over 2,500 buses and adding an RSVC to each bus would be cost
prohibitive. To reduce the number of buses that can host an RSVC, the LSF are calculated
for the test feeder.
First, the LSF are calculated for the feeder when no PV generation is online. The LSF
for all the buses of the test feeder are shown in Fig. 5.6.
Second, all the PV systems in the test feeder were set to rated capacity at unity power
factor and the load flow was solved again. The LSF for the feeder with the PV systems is
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Figure 5.6: Loss Sensitivity Factors with no Solar PV
shown in Fig. 5.7.
The impact of the PV systems on the LSF can be calculated by comparing the LSF
obtained from the feeder without the PV systems with the feeder with the PV systems
operating at rated capacity. The difference in the LSF value at each bus with and without
the PV systems is shown in Fig. 5.8
The maximum difference between the two cases is minimal, in the order of 10−4, as
seen in Fig. 5.8. One of the main reasons for the small difference is that all the PV systems
in the feeder are operating at unity power factor, meaning the PV systems are not absorbing
or injecting any reactive power into the system.
The LSF can be sorted from high to low, making the identification of the candidate
buses to host an RSVC easier. Fig. 5.9 shows the largest 100 LSF sorted from high to low
when the feeder is operating with the PV systems at rated output.
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Figure 5.7: Loss Sensitivity Factors with Solar PV
5.4 RSVC Deployment
The feeder can experience low and high voltage due to the high penetration of DG in the
feeder, as previously shown. In order to mitigate the high and low voltage issues, multiple
RSVCs can be deployed in the feeder. The short-time response of the RSVC makes it an
ideal mitigation option to solve voltage issues due to DG. While mechanically operated
voltage regulating devices such as LTCs, capacitor banks, and voltage regulators have a
time delay in the range of 30 seconds to several minutes, the RSVC can react in less than a
second to change its operating point and lower or raise the voltage, depending on the feeder
necessities.
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5.4.1 Low Voltage Mitigation
Low voltage can be experienced in the feeder when all PV generation disappears or is low-
ered rapidly, as previously shown. One of the most common reasons for the PV generation
to be reduced quickly is due to weather. PV generation can also be tripped off-line due to a
voltage or frequency deviation.
To test if locations on the feeder experience low voltage due to sudden reduction on
the PV output generation, the feeder steady-state operating points were solved with the PV
systems operating at rated output, then the PV systems were taken off line, the regulating
devices were locked in their current position and the power flow was solved again. Taking
the PV offline is the equivalent to incrementing the load in the feeder, causing a low voltage
in the feeder during the time it takes the voltage regulating devices to operate. The RSVCs
deployed in the feeder can act in a matter of seconds to inject reactive power and raise the
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Figure 5.9: First 100 LSF Sorted from High to Low
voltage, effectively mitigating the low voltage.
The LSF for the feeder were calculated with the PV operating at rated capacity. Then,
the LSF were sorted from high to low to obtain the buses with the highest LSF. An RSVC
was attached to the first bus in the sorted LSF list and the circuit was solved with all the
controllers locked to the previous position. Once the circuit was solved, the minimum
voltage in the feeder was plotted and the process was repeated for a total of 25 times.
Figure 5.10 shows the minimum voltage as a function of the number of RSVC deployed
in the feeder. It can be seen that the minimum voltage in the feeder raises as more RSVC
are added to the feeder. The first couple of RSVCs have the biggest impact on the minimum
voltage of the feeder. The LSF method shows that it is efficient at finding the buses where
adding an RSVC would be the most effective.
The voltage profile for the feeder with 20 RSVCs added is shown in Figure 5.11. It can
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Figure 5.10: Minimum Voltage vs Number of RSVCs Deployed for sudden loss of PV
generation
be seen that all the voltages are within the limits of Range A of the ANSI C84.1 standard.
The output of each of the RSVCs is shown in Fig. 5.12. All of the RSVCs in this test
were set to control the voltage at 1.0 pu. If the voltage at the node where the RSVC is
connected is higher than 1.0 pu, the RSVC will operate in the inductive mode, lowering
the voltage, and if the voltage is lower than 1.0 pu, the RSVC will operate in the capacitive
mode, raising the voltage. The results show that the first RSVC is operating in the inductive
mode, bringing the voltage down at the node where it is connected, an indication that the
bus with the highest LSF is not the node with the lowest voltage in the feeder. However, the
second and third RSVCs are operating in the capacitive mode. The output of the RSVCs
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Figure 5.11: Voltage Profile with 20 RSVCs Deployed in the Feeder
are shown in Fig. 5.12, explaining the raise in voltage at the locations of the second and
third RSVC.
5.4.2 High Voltage Mitigation
High voltage can be experienced in the feeder when the PV generation is suddenly added
to the feeder, most commonly after a cloud passes by and the generation goes from nearly
zero to rated capacity in matter of seconds. Mechanical devices are slow to react to bring
the voltage down and customers can experience high voltage.
A similar test to the one previously performed to check for low voltage can be per-
formed to determine if high voltage is experienced in the feeder. The test is performed by
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Figure 5.12: RSVC Output for Voltage Change Test 1
solving for the feeder voltage without any PV connected. Then the regulating devices are all
locked to their current position. The PV generation is then brought online at rated capacity
and the power flow is solved again. Bringing the PV online is equivalent to suddenly
reducing the load in the feeder, causing a high voltage in the feeder. The RSVCs can be
deployed in the feeder to mitigate the high voltage by operating in the inductive mode and
bringing the voltage down.
The same LSFs used for the low voltage test are used in this test, reducing the simulation
time. The maximum voltage in the feeder as a function of the number of RSVCs deployed
in the feeder is shown in Fig. 5.13. It can be seen that the high voltage is more severe than
the low voltage and it requires more RSVCs to mitigate the high voltage in the feeder.
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Figure 5.13: Maximum Voltage vs Number of RSVCs Deployed
The voltage profile for the feeder with 40 RSVCs is shown in Figure 5.14. It can be
seen that all the voltages are within the limits of Range A of the ANSI C84.1 standard after
the RSVCs have been deployed in the feeder.
The output of each of the RSVCs is shown in Fig. 5.15. All the RSVCs in this test were
set to control the voltage at 1.0 pu. If the voltage at the node that is connected is higher
than 1.0 pu, the RSVC will operate in the inductive mode, lowering the voltage, and if the
voltage is lower than 1.0 pu, the RSVC will operate in the capacitive mode, raising the
voltage. The results show that the first twenty RSVCs are operating in the inductive mode,
bringing the voltage down at the node that they are connected to respectively.
The results of the static tests show that the RSVCs are effective in mitigating both
65
Figure 5.14: Voltage Profile with RSVC Deployed in the Feeder
high and low voltage caused by DG in the distribution feeder. The results also show that
the LSF method is effective in identifying the buses that need reactive compensation to
mitigate voltage issues, reducing the search space and thus reducing the time it takes to
perform a simulation.
Recent updates to the IEEE 1547 interconnection standard allow residential DG to
actively control the voltage at their PCC [40]. A common way to mitigate high voltage
due to high penetration of solar PV is to operate the inverter at non-unity power factor.
An interesting result of this dissertation is that for this feeder the LSF method identified
buses that are not hosting a PV system. Residential customers that experienced high or low
voltage due to the high penetration of DG in the feeder but do not actually host a PV system
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Figure 5.15: RSVC Output for Voltage Change Test 2
cannot make use of the advance capabilities of inverters. The RSVCs location and the PV
system locations are shown in Fig. 5.16.
The RSVC deployment shows that the RSVCs are mainly distributed before the voltage
regulator and on the edges of the feeder. The distribution of the RSVCs are expected, given
that the edges of the feeder are usually the weakest point in a feeder.
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Figure 5.16: RSVC and PV Location
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CHAPTER 6
TIME SERIES ANALYSIS
Commercially available distribution analysis tools have only provided the capability to
analyze the circuits at a specific snapshot in time. In recent years, simulation platforms have
been developed with the capability to perform Quasi State-Steady Simulations (QSTS).
One of the main advantages of using QSTS is its capability to properly assess and capture
the time-dependent aspects of the distribution system. QSTS produces sequential steady
state power flow solutions where the converged state of each time-step is used as the
beginning state of the next. Some examples of time-dependent aspects of power flow
include the interaction between the daily changes in load and the PV output and the effect
on voltage regulation device controls. Another important advantage of QSTS is the ability
to quantify both the magnitude of an impact as well as the frequency and the duration of
such impact [41].
The use of QSTS simulation in distribution systems requires the use of significant
amounts of data to accurately represent the time-varying PV output and the the time-
varying load in the feeder and their interaction. The time series data is often difficult to
obtain as measurement equipment at the feeder or at the PV site will not be available, or
it won’t be available at the desired time resolution. It is common for utilities to record
feeder level load data at 15-minutes or at 1-hour resolution. When feeder level load data is
only available for 15-minutes or 1-hour, interpolation may be the best option for obtaining
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higher resolution data [41].
The data necessary to perform QSTS can become very large, depending on the desired
resolution and length of simulation time. Data obtained from utilities can be interpolated
to run QSTS, but a 15-minute average data does not capture the necessary variability to
accurately model voltage regulation equipment operations that require time steps on the
order of seconds.
The solar PV output also needs to be represented as a time-series. Unfortunately, this
data is typically not available for the scenarios of interest and an estimated PV output is
usually synthesized from either irradiance sensors or proxy data from similar plants [41].
6.1 Photovoltaic (PV) Data
Given the lack of data for the individual PV systems, a normalized PV output from a single
site that does collect data with 1-second resolution was used for all the PV systems in the
feeder. The PV data has a duration of 30 minutes and was taken from a highly variable day.
The data is shown in Fig. 6.1.
The PV data shows a highly variable day where the output goes from nearly rated
output to 20% of the rated name plate in matter of seconds. The data shows a highly
variable output, especially during the middle part of the simulation where the output goes
from rated output to 40% of name plate and back to rated nameplate several times during
the span of a few minutes.
The impact of generation on the voltage can be better observed running a QSTS and
recording the voltage at one of the PV site’s PCC. The normalized PV generation shape
shown in Fig. 6.2 was applied to all the PV systems in the feeder. Given that the PV
systems cover a small footprint, it is safe to assume all the PV systems will receive almost
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Figure 6.1: Normalized PV Output for Site 1
the same irradiance. The impact on the generation power output and on the voltage at the
terminals of the PV system can be seen in Figs. 6.2 and 6.3
6.2 Time-Series Analysis
The time-series simulation was set for a 30 minute span with a 1 second time-step. There
are several variables of interest when performing a time-series simulation. First, the number
of LTC operations can be tracked by monitoring the tap position on the secondary side of
the substation transformer. Second, the minimum voltage experienced on the feeder at each
solution interval is also important, to make sure the voltage is within range. The variability
of the voltage at any given node with respect to time is also important. A high variability
on a node can cause voltage flicker, even if the voltage is always within range.
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Figure 6.2: Power Output of PV System Site 1
6.2.1 Minimum Voltage
The minimum voltage experienced on the feeder at each solution interval is shown in Fig.
6.4. It can be seen that the minimum voltage follows a similar shape to the PV output shape
used for the PV systems, an indication that the PV systems have a strong relationship with
the voltage in the feeder. The data also shows the impact of voltage regulators and LTCs
in the feeder, the sharp changes in voltage are due to a tap change in the voltage regulator
either tapping up or tapping down.
The minimum voltage at the feeder during the 30-min span does not go below the
minimum allowed by ANSI C84.1, keeping all the customers within acceptable range.
However, this does not mean no customers will experience low voltage, as shown in the
previous chapter, a day with higher variability or a tripping event on the PV systems can
result in low voltage experienced by customers on the feeder.
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Figure 6.3: Voltage at PV System Site 1 Terminals
6.2.2 Maximum Voltage
The maximum voltage experienced on the feeder at each iteration is shown in Fig. 6.5.
The data shows how the maximum voltage changes at each solution interval, and in some
iterations the change is significant. The sharp changes in the maximum voltage can be at-
tributed to the operation of the voltage regulators and the LTC on the feeder. The maximum
voltage in the feeder seems to be affected more by the position of the voltage regulators and
the LTC than the PV output, as was the case for low voltage.
The highest voltage in the feeder for each iteration was below the upper limit of the
ANSI C84.1 standard. The highest voltage is above 1.04 pu, which is close to the upper
limit of 1.05 pu. A day with a higher variability of lower load would result in high voltage
experienced by the customers on the feeder.
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Figure 6.4: Minimum Voltage at Each Solution Interval
6.2.3 Voltage Variability
The IEEE Standard 1250-2011, the IEEE Guide for Identifying and Improving Voltage
Quality in Power Systems [42], limits the individual step changes in voltage to less than
4%. The step change is hard to calculate with traditional simulating tools, given that only
a snapshot in time is solved.
One of the advantages of using OpenDSS and its time-series capabilities is that the
voltage variability on the feeder can be simulated, saving time and money for power quality
engineers that otherwise would have to go and install meters to gather data, return to collect
the data and then analyze it. The 1 second step-size is small enough that the simulation is
able to capture the impact of PV output variability and also the tap changes in the voltage
regulators, switched capacitor banks, and the LTC.
The variability for each node was calculated by calculating the percent difference from
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Figure 6.5: Maximum Voltage on each Solution Inverval
one solution interval to the next. The variability calculation can determine whether or not
the system is in compliance with IEEE 1250-2011. The maximum variability of each node
for the entire 30 minute simulation is shown in Fig. 6.6. The simulation results were
sorted for readability purposes. The results show that the maximum voltage variability
experienced in the feeder is around 1.1%, meeting the requirements of the IEEE 1250-2011
standard.
6.2.4 Number of Operations of Voltage Regulating Devices
As is the case with the voltage variability, the number of operations of voltage regulating
devices is hard to obtain with static simulation tools. Electric utilities keep track of the
number of operations of the voltage regulating devices by driving to the site and recording
manually the number of operations directly from the device itself. Keeping track of the
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Figure 6.6: Voltage Variability at Each Bus
operations helps electric utilities to manage their O&M plan. Using QSTS, the number
of operations can be simulated, helping utilities to optimize their O&M plans and also to
consider the impact that DG has on the equipment.
Table 6.1: Number of Voltage Regulator Operations
Regulator Phase Number of
Operations
B18865 Phase C 12
B19008 Phase B 11
B18863 Phase A 5
B19010 Phase A 2
B4873 Phase A 1
B18864 Phase B 10
B4872 Phase C 7
B4868 Phase B 7
Voltage regulating devices, as explained in Chapter 2, are connected in series with the
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feeder. When the equipment is taken out of service by utilities to perform maintenance,
the customers downstream of the piece of equipment experience an outage while the utility
workers bypass the piece of equipment and power is restored again. Reducing the number
of operations in these pieces of equipment can reduce the O&M and avoid unnecessary
outages for customers.
The number of tap transitions for the LTC and the voltage regulators was calculated
by analyzing the tap position at each iteration for the substation transformer and for the
voltage regulators. Table 6.1 shows the number of operations during the 30 minute analysis
for each of the voltage regulating devices in the feeder.
In a span of only 30 minutes, three regulators operated over ten times. The increase in
operations can be attributed to the DG in the feeder and their high variable output in this
scenario. The load in the feeder is modeled as static given the lack of high resolution data
available for the simulated feeder.
6.2.5 Loss Sensitivity Factors
The LSFs of the feeder were calculated in the same manner as shown in Chapter 4. The
LSFs were calculated during each iteration of the simulation. At the end of the simulation,
each node had a total of 1,800 LSFs. The average LSF was taken for each node to form an
array of LSFs. The LSF were used to select the buses where the RSVCs will be deployed.
The LSF at each node during the 30 minute analysis is shown Fig. 6.7, the LSFs are
almost identical to the previously calculated LSF during the static analysis. The LSFs were
expected to be similar given the small difference calculated between the LSF without any
PV in the feeder and the LSF with the PV operating at rated capacity.
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Figure 6.7: Average LSF at Each Bus
6.3 RSVC Deployment
The RSVC were deployed based on the LSFs calculated in the last section. The number of
RSVCs deployed in the feeder was obtained from the static analysis, where 40 RSVC were
required to mitigate the high voltage experienced in the feeder under the step change test.
The voltage step change test performed in the last section is a conservative approach given
that the PV goes from full output to zero in a one time-step.
The simulation was run for the same 30 minutes and using the same PV output profile
as in the previous section. The impact of deploying the RSVC was captured for low and
high voltage, voltage variability and number of voltage regulating device operations.
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6.3.1 Minimum Voltage
The minimum voltage experienced on the feeder at each solution interval with the RSVCs
deployed in the feeder is shown in Fig. 6.8. The minimum voltage does not follow the
same shape as in the previous case as seen in Fig 6.4. The RSVCs are able to modify the
voltage on the feeder by injecting or absorbing reactive power. It can also be seen that there
are less sharp changes than in Fig. 6.4, a result of the reduction of the number of operations
of the voltage regulating devices. The minimum voltage also varies less than in the case
without RSVCs.
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Figure 6.8: Minimum Voltage on each Solution Interval with RSVC Deployed
6.3.2 Maximum Voltage
The maximum voltage experienced on the feeder at each solution interval is shown in Fig.
6.9. The maximum voltage is lower than in the previous case, a result of the addition of the
RSVCs in the feeder. There are still a few tap position changes of the voltage regulating
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devices. The range of the voltage, the minimum of the maximum values and the maximum
of the maximum steady-state values is also decreased from the previous case.
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Figure 6.9: Maximum Voltage on Each Solution Interval with RSVC Deployed
6.3.3 Voltage Variability
The voltage variability for the 30 minute simulation was calculated using the same principle
as in section 6.2. The highest voltage variability observed in the feeder with the RSVC
deployed is less than half as the highest voltage variability observed in the case without the
RSVCs. Fig. 6.10 shows the voltage variability sorted from high to low for readability.
6.3.4 Number of Operations of Voltage Regulating Devices
The number of operations of the voltage regulating devices was reduced with the addition
of the RSVCs. The quick reaction time of the RSVCs are able to keep the voltage within
limits before the voltage regulating devices need to change positions to correct the voltage.
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Figure 6.10: Voltage Variability with RSVCs Deployed
Table 6.2 shows the number of operations with the RSVCs deployed in the feeder. The
number of operations was significantly reduced for all the regulators.
Table 6.2: Number of Voltage Regulator Operations with the RSVCs Deployed
Regulator Phase Number of
Operations
B18865 Phase C 8
B19008 Phase B 0
B18863 Phase A 0
B19010 Phase A 0
B4873 Phase A 0
B18864 Phase B 1
B4872 Phase C 0
B4868 Phase B 0
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6.3.5 RSVC Output
The output of each of the RSVCs was recorded for each of the solution intervals. All of
the RSVCs are set to control the voltage at 1.0 pu. The RSVC could change its output to
adjust for any voltage variations in the feeder, due to the relatively high penetration of DG.
Figure 6.11: RSVC Output for Iteration 1
The output for all forty RSVCs during the first solution interval of the time-series
analysis is shown in Fig. 6.11. The data shows how some of the RSVCs operate in the
capacitive mode, boosting the voltage of the node they are connected to, while other RSVCs
operate in the inductive mode, lowering the voltage of the node.
The time-series analysis shows the versatility of the RSVC in controlling the voltage,
both high voltage and low voltage in a distribution feeder with high penetration of DG. The
analysis also shows the efficiency of using LSF to identify the nodes that require reactive
support.
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6.3.6 Conclusion
The deployment of RSVCs in the feeder during a time-series solution shows an improve-
ment in the voltage profile by raising the minimum voltage at each solution interval and
decreasing the maximum voltage during each solution interval. The deployment of RSVCs
also improved the voltage variability, by reducing the maximum steady-state variability
experienced during the 30 minute simulation by more than half.
The RSVCs operate faster than the voltage regulating devices already in the feeder.
The fast time of operation of the RSVC allows the RSVC to react to the change in PV
output before the voltage regulating devices need to change their tap position to maintain
the voltage within the band of the voltage regulating devices.
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CHAPTER 7
LOW VOLTAGE MITIGATION: CASE STUDY
A case study is presented in this chapter where a remote rural feeder of the local utility
experienced low voltage during certain times over the summer. The electric substation that
serves the feeder and the feeder itself are located in a high plains desert climate region.
The electric substation is comprised of one 20-MVA 138/34.5 kV transformer serving
approximately 1,745 customers from 2 feeders.
The case study feeder serves approximately 891 customers, with the customer base
comprised mostly of residential, agriculture and irrigation loads. There are no feeders
adjacent to the case study feeder. The case study feeder already contains three stages of
voltage regulation, a limit on the local utility operation guidelines. There is no projected
load growth on the feeder in the near future.
The configuration of the case study feeder includes a 32-km single-phase conductor
branch. Approximately 320 customers are served along the single-phase branch, with
thirteen customers at the end-of-feeder (from now on referred to as “the line section”)
experiencing voltage as low as 111.8 V (on a 120 V base) during the summer peak. Low
voltage is considered to be 114.0 V (0.95pu) on a 120 V base.
The problem was how to maintain the ANSI Standard C84.1 acceptable voltage range
for the thirteen customers on the line section experiencing low voltage in a cost-effective
manner.
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7.1 Traditional low voltage mitigation
The case study feeder experiences low voltage at the end of a long single-phase branch
during the summer. The section of the feeder experiencing low voltage was relatively small
and has a low growth rate. Several options to mitigate the low voltage issues were evaluated
using traditional solutions including:
• Balancing of the loads on the primary feeder
• Transferring loads to adjacent feeders
• Installing a voltage regulator
• Installing shunt capacitors
• Increasing feeder conductor size
• Installing another phase of conductor
There is a 0.82 km line section constructed with #6 3SS steel conductor, making it a
high impedance circuit requiring active and reactive power support to mitigate low voltage.
The only viable traditional option to mitigate the low voltage was reconductoring ap-
proximately 4.2 km of the feeder. Fig. 7.1 shows the geographic location of the feeder
section starting from the second voltage regulator, which is the third zone of voltage regu-
lation. The feeder section is colored by voltage in kV. It shows high voltage at the regulator
terminals and a decreasing voltage as the distance from the regulator increases.
7.2 RSVC Option to Mitigate Low Voltage
An alternative to reconductoring the line section of the feeder is to deploy multiple RSVCs
in the area experiencing low voltage. The RSVCs were modelled as generators in OpenDSS
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Figure 7.1: Feeder Topology
with the capacitive and reactive power limits set equal to the prototype developed at BSU.
The nameplate capacity of a single-phase RSVC was set to 10 kVAR capacitive (QC) and
15 kVAR inductive (QL). There are two service transformers with 480 V secondary voltage.
When the RSVC is connected on the low side of a transformer with 480 V in the secondary
side, the RSVC was modelled with approximately twice the capacity as the prototype, i.e.,
20 kVAR in the capacitive mode and 30 kVAR in the inductive mode.
7.2.1 Feeder Modeling in OpenDSS
The section of the feeder experiencing low voltage was modeled in detail using OpenDSS
to be able to perform a time-series analysis.
Figure 7.2 shows a simplified single-line diagram of the distribution feeder section
under consideration. A voltage meter was installed upstream of the voltage regulator to
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obtain the input voltage at the regulator and a current meter was installed at the load side
of the voltage regulator to measure the current flowing downstream. A second voltage
meter was installed at the end of the single-phase branch for validating the feeder model
developed for simulation.
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Figure 7.2: Simplified Distribution Feeder topology
The feeder model developed in OpenDSS includes the distribution lines conductors,
the service transformers and the service line conductors from the service transformer to the
meter. The hourly load data for each customer was obtained using the energy usage data in
one-hour intervals from the electric utility billing department. In order to account for the
load variations during each hour, the load allocation was fine tuned after every five minutes
using the current sensor readings and the voltages obtained from AMI meters. The model
was verified by comparing the voltages recorded at the customers using AMI meters and
the voltages obtained from the OpenDSS feeder model.
A time-series analysis was performed during a 31-day period, the analysis focuses on
the month of July in 2016. During that period, three customers experienced a voltage
higher than that specified by ANSI C84.1 standard and two customers experienced lower
voltage than the specified by ANSIC84.1. In total, there were a total of 57 minimum voltage
violations, nine of them were lower than 113 V.
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Figure 7.3: Voltage at every customer meter without RSVCs deployed.
Figure 7.3 shows the voltage at each one of the meters located downstream of the
regulator using box plots. In each box, the central line indicates the median data value,
and the bottom and top edges of the box indicate the 25th and 75th percentiles, respectively.
The whiskers extend to the maximum and minimum data points not considered outliers for
each box plot. The outliers in the data are plotted individually using the ’+’ symbol. The
data shows that each customer experienced a wide range of voltage swing several times
during the month of July. Table 7.1 shows the maximum, minimum and average voltages
for every customer.
7.2.2 Mitigation of Voltage Violations using RSVCs
The RSVCs were deployed in the area experiencing low voltage. One RSVC was added
per service transformer with the voltage reference of the RSVCs set at 1.0 per unit. The
same 31-day period was simulated with the RSVCs deployed in the feeder.
88
Table 7.1: Voltage swing for each customer without RSVC
Bus No. Minimum Voltage Maximum Voltage Average Voltage
Bus 1 118.41 126.33 122.90
Bus 2 118.27 126.52 122.87
Bus 3 117.86 126.50 122.78
Bus 4 119.91 125.61 122.83
Bus 5 112.42 123.02 118.46
Bus 6 116.66 122.77 120.02
Bus 7 116.46 122.15 120.09
Bus 8 116.05 122.50 120.10
Bus 9 114.93 122.59 120.23
Bus 10 113.74 122.35 118.00
Bus 11 114.38 122.29 118.43
Bus 12 114.59 122.60 120.13
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Figure 7.4: Voltage at every customer meter with RSVC deployed
The results show that voltages were improved at every location of the feeder as shown
in Fig 7.4. The figure shows the box plot results after adding an RSVC at each bus in the
affected section of the distribution feeder. Deploying the RSVCs in the feeder section with
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low voltage reduced the instances of a low voltage occurrences to only six, none of which
were below 113 V. The deployment of RSVCs eliminated all high voltage instances. The
RSVCs also helped in reducing the voltage swing at each bus in the feeder, thus maintaining
a more constant voltage through a month-long simulation.
Table 7.2 shows the results of deploying the RSVC in the feeder. The results show that
no customers experienced a voltage higher than 126 V and only one customer experienced
a voltage below 114 V.
Table 7.2: Voltage swing for each customer with RSVC
Bus No. Minimum Voltage Maximum Voltage Average Voltage
Bus 1 119.86 125.13 121.56
Bus 2 119.89 123.32 120.53
Bus 3 119.73 123.31 120.46
Bus 4 119.92 123.31 121.35
Bus 5 113.20 120.09 118.70
Bus 6 117.85 121.66 119.90
Bus 7 118.90 120.14 120.00
Bus 8 118.78 120.70 120.01
Bus 9 117.83 120.73 119.99
Bus 10 117.76 120.16 119.52
Bus 11 118.38 120.24 119.94
Bus 12 116.57 120.71 119.71
The reactive power output of the RSVCs at each bus is shown in Figure 7.5. Each point
in the figure shows the net reactive power provided by the RSVC for a five-minute interval
at a specific service transformer during the entire month of July in 2016. The result shows
that RSVCs can transition from an inductive operation mode to a capacitive operating mode
thus providing a better voltage regulation resulting in a flatter voltage profile than the use
of capacitors alone.
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Figure 7.5: RSVC Output
The analysis performed in this case study indicates that distribution voltage violations
outside the ANSI C84.1 Range A can be mitigated by deploying RSVCs in the area of
concern. The model of the feeder section under investigation was developed in detail in
OpenDSS and field verified for accuracy purposes. The simulation results show that it is
possible to mitigate low- as well as high-voltage issues in a rural distribution feeder by
using RSVCs without upgrading the feeder. Thus, the use of RSVCs could be a more
economical solution to resolve voltage issues in distribution feeders. It was also observed
that the voltage swing at each RSVC installation was greatly reduced, creating a flatter
voltage profile and increasing the flexibility to operate the feeder at a higher or lower
voltage level at the feeder head.
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7.3 Voltage Mitigation Using Solar Photovoltaic
Given that the RSVCs are not commercially available yet, the time-series simulation and
the model developed for the case study were used to determine if adding a solar PV
system would be able to mitigate the low voltage. The PV system would have to be more
economical than reconductoring the feeder section and be able to mitigate the low and high
voltage experienced by the customers in the feeder section.
7.3.1 Modeling and optimizing the size of the solar PV system
A solar PV system was modeled using National Renewable Energy Laboratory’s (NREL)
System Advisory Model (SAM) software. SAM was used to develop the PV system
model rather than using the PV model included in OpenDSS. SAM is capable of modeling
different PV array orientations and different array tilts, allowing modeling of PV systems
with multiple orientations by varying these two parameters. The PV model included in
OpenDSS PV currently maximizes system production and does not provide the option to
change the azimuth or the tilt of the PV system. The focus of adding the PV system to
the feeder is to mitigate low voltage issues rather than to maximize PV production over the
year, allowing for different combinations of azimuth and tilt to maximize power production
during times of low voltage rather than optimizing energy production over the entire year.
The PV system model required 2016 irradiance data to accurately simulate the output
of the PV system corresponding to the 2016 load data. The solar resource data for Summer
2016 was obtained from an irradiance sensor located on a transmission line structure of
a line close to the site. The irradiance data included Global Horizontal Irradiance (GHI)
sampled every second. The irradiance data was averaged over a one-hour period to match
the load data sampling rate; the data gathering method for solar irradiance is discussed in
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[43].
The hourly output of the PV system model created in SAM was fed to the OpenDSS
line section model. An iterative process was performed to find the optimal tilt and azimuth
angles of the PV system that would mitigate the low voltage. The iterative process resulted
in an optimal tilt of 35 degrees and an azimuth angle of 180 degrees (due south).
The goal of the simulation was to mitigate low voltage in a cost-effective way. Thus, the
size of the PV array needed to be carefully determined to avoid unnecessary expenditures.
The size of the PV array was calculated by solving the power flow for the line section
model. The power flow was solved for each hour over the summer, using the OpenDSS
time-series simulation. The results for each hour were analyzed to identify the time of the
day that the minimum voltage occurred. If the lowest voltage occurred during the sunlight
hours, the size of the PV system was increased by 1 kW, and the process was repeated.
When the minimum voltage occurred during the non-sunlight hours or when no customer
experienced low voltage, the process was stopped. Even though low voltage issues may
still exist when the process was stopped, increasing the PV system size would not help to
improve the voltage. The process is shown in Fig. 7.6. The process resulted in a solar PV
system rated at 18 kW.
7.3.2 Modeling results
The simulation results with the PV system connected to the feeder are shown in Table 7.3.
The results shows that a few instances of low voltage still could occurred with the addition
of the PV system during the late evening hours when the output of the PV system is zero.
Additional simulation results indicated that the low voltage condition could be mitigated
by adding secondary side capacitors at two different service points.
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Figure 7.6: PV Sizing Algorithm Flow Chart
Simulation modeling results show improvement in the voltage on the affected line
section to be within a range of 0.45 V to 1.97 V (on a 120 V base). Table 7.3 shows
the simulated voltage on six service points with and without PV included in the model.
Based on the improvement in voltage, the recommended solution was to install the 18 kW
solar PV system, then later re-evaluate the need for a secondary side capacitor.
The feasibility of the proposed solution to install an 18 kW solar PV system was
reviewed and accepted by the Company. The construction began in the Fall of 2016.
7.3.3 Project Implementation and Results
The Solar End-of-Feeder Project was constructed and commissioned during the Fall of
2016 at a total cost of $114,000. Because of the lack of load growth in the area, this project
deferred the need for line section reconductoring, with an estimated cost of $350,000, for
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Table 7.3: Low Voltage Results
Low Voltage Instances
Transformer Occurrences Minimum Voltage
No PV PV No PV PV
1 12 0 113.6 114.05
2 1 1 112.53 113.79
3 24 2 112.6 113.86
4 12 0 112.54 114.51
5 5 1 113.07 113.63
6 3 0 113.38 113.83
Total 57 4
25 years. The project has been in operation since October 2016. A photograph of the
18-kW solar PV system can be seen in Fig. 7.7.
At the time of commissioning the project, the solar PV system inverters were limited
to operate only at unity power factor. The project operated in this condition throughout the
Summer of 2017. During the Spring of 2018, a firmware update for the inverters became
available, which allowed the inverters to perform advanced functions and operate at a power
factor other than unity.
The firmware upgrade was completed during the first quarter of 2018. The same
OpenDSS model used to determine the feasibility of the project was used to determine
the best advanced function for the inverter operation. The simulation modeling showed
that operating the solar PV system at a fixed power factor of 0.95 leading would provide
better results than operating the system at unity power factor. The project operated at a 0.95
leading power factor during the Summer of 2018.
Data from a Smart Grid Monitor (SGM) which captures the voltage, was collected to
compare the voltage before the project was installed (2016), with the project operating
at unity power factor (2017), and with the project operating at 0.95 leading power factor
(2018). A voltage-duration-curve of the voltage for the same period of time for all three
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Figure 7.7: PV Array Installation
years is shown in Fig. 7.8. The data from Fig. 7.8 is a 1 minute average voltage measure-
ments obtained from the SGM located near the solar site. The average voltage in 2017 was
greater than the average voltage in 2018. However, 2018 experienced fewer low voltage
measurements after the inverters were configured to operate at 0.95 leading power factor.
The project has operated successfully through the first two years of operation by effec-
tively mitigating low voltage. Table 7.4 shows voltage measurements and analysis of the
affected line section in Summer 2016 (pre-project) with 436 instances of low voltage, 2017
with 33 instances of low voltage, and 2018 with 4 instances of low voltage.
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Figure 7.8: Voltage duration curves for Summer 2016, 2017, and 2018
Table 7.4: Implementation Results
2016 2017 2018
Low Voltage Count 436 33 4
Pct Low Voltage 0.270 0.020 0.002
Minimum Low Voltage 111.80 112.68 112.68
Average Voltage 118.71 119.67 119.20
Fig. 7.9 shows the number of low voltage reads sorted by clock hour. The results show
that the low voltage reads prior to the installation of the project occurred primarily during
the evening hours.
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Figure 7.9: Low-voltage occurrences plotted by time of day
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CHAPTER 8
CONCLUSIONS AND FUTUREWORK
8.1 Conclusions
The work presented in this dissertation shows the design, simulation and implementation
of a new device able to mitigate high and low voltage in a distribution feeder. The new
device, the RSVC, was designed as a single-phase device operating at 240 Volts. The
proposed RSVC utilizes a patented PWM switching technique that allows the RSVC to
operate in the kHz range, eliminating the need for a filter.
The work presented here also shows how the use of LSFs are effective in identifying
the buses that require reactive compensation, reducing the number of buses or nodes that
need to be considered to host an RSVC, reducing the simulation time. The results show that
LSFs have minimal variation with the addition of PV in the feeder, eliminating the need to
re-calculate the LSF when PV is added or removed from the feeder.
A publicly available feeder was used as the test feeder for the work presented in the
dissertation. The feeder was picked because the feeder has the service transformers already
modeled, something not common in the industry. The feeder was already modeled in
OpenDSS, an open source distribution simulator that is able to perform QSTS. The feeder
also has a high penetration of DG, causing high and low voltage in the feeder.
A static test was performed to verify that high and low voltage were present in the
feeder. The voltage test verified that some customers in the feeder experience high and low
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voltage due to the PV when the PV output changes rapidly from full output to zero output
or vice-versa. The deployment of the RSVCs, guided by the use of LSF, proved to be an
effective mitigation option of the voltage issues in the feeder.
A time-series analysis was also presented in this dissertation. The feeder was first
solved without any RSVC connected. The analysis included the the minimum and maxi-
mum voltage on the feeder for each iteration, the voltage variability in the feeder, and the
number of operations from the voltage regulating devices. The second part of the analysis
included deploying 40 RSVCs in the feeder, utilizing the LSFs as a guide to determine
which nodes should host an RSVC. The results show how the deployment of RSVCs are
effective at increasing the minimum voltage experienced in the feeder during each iteration,
reducing the maximum voltage during each iteration and reducing the range for both,
minimum and maximum voltages. The analysis also shows that the deployment of the
RSVCs in the feeder were able to reduce by half the maximum variability experienced in
the feeder. The number of operations from the voltage regulating devices was significantly
reduced with the incorporation of the RSVCs in the feeder.
8.2 Future Work
A second prototype of the RSVC is currently under development. The second prototype
will use an emitter connected Insulated-Gate Bipolar Transistor (IGBT) module manu-
factured by Semikron, instead of the individually driven Metal-Oxide-Silicon Field-Effect
Transistor (MOSFET) used in the first prototype.
The control system is also being updated in the RSVC to be able to implement a
minimum power tracker algorithm. The current prototype is able to maintain a reference
voltage that can be adjusted. However, the minimum power tracker will change the voltage
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reference depending on the type of load for which the RSVC is providing support. The
voltage reference will be adjusted so the power consumption for any given load will be
minimum while the voltage is still maintained within the allowable range.
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